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Edited by Judit Ova´diAbstract Carboxylesterase (EII 0) from Arthrobacter sp. KI72
has 88% homology to 6-aminohexanoate-dimer hydrolase (EII)
and possesses ca. 0.5% of the level of 6-aminohexanoate-linear
dimer (Ald)-hydrolytic activity of EII. To study relationship be-
tween Ald-hydrolytic and esterolytic activities, random muta-
tions were introduced into the gene for Hyb-24 (an EII/EII 0
hybrid with the majority of the sequence deriving for EII 0 and
possessing an EII 0-like level of Ald-hydrolytic activity). Either
a G181D or a D370Y substitution in Hyb-24 increased the
Ald-hydrolytic activity ca. 10-fol d, and a G181D/D370Y double
substitution increased activity ca. 100-fold. On the basis of ki-
netic studies and the three-dimensional structure of the enzyme,
we suggest that binding of Ald is improved by these mutations.
D370Y increased esterolytic activity for glycerylbutyrate ca.
30–50-fold, whereas G181D decreased the activity to 30% of
the parental enzyme.
 2006 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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pOAD21. Introduction
Biodegradation of unnatural synthetic compounds that ap-
peared in the environment only after industrialization provides
a good system to study how microorganisms acquire the ability
to degrade these compounds. We have been studying the deg-
radation of the by-products of nylon-6 manufacture, i.e., 6-
aminohexanoate oligomers (namely nylon oligomer), by Arth-
robacter sp. (formerly Flavobacterium sp.) KI72 as a model for
the adaptation of microorganisms towards unnatural com-
pounds [1,2]. Three enzymes, 6-aminohexanoate-cyclic dimer
hydrolase (EI) [3], 6-aminohexanoate-dimer hydrolase (EII)Abbreviations: Ald, 6-aminohexanoate-linear dimer; Ahx, 6-amino-
hexanoate; EII, 6-aminohexanoate-dimer hydrolase; EII 0, a protein
with 88% homology to EII encoded on plasmid pOAD2; Hyb-24, an
EII/EII0 hybrid protein; nylB24, gene for Hyb-24; H-EII, His-tagged
EII; H-Hyb-24, His-tagged Hyb-24; Tributyrin, glyceryltributyrate;
BALB, 2,3-dimercaptopropan-1-ol tributyroate; PMSF, phenylmeth-
ylsulfonyl ﬂuoride; Amp, ampicillin; PCR, polymerase chain reaction
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doi:10.1016/j.febslet.2006.08.031[4] and endo-type 6-aminohexanoate oligomer hydrolase (EIII)
[5,6], encoded on plasmid pOAD2 (45519 bp) [7], are found to
be responsible for the degradation of the nylon oligomers. The
EII-analogous protein (EII 0), encoded also on pOAD2, has
88% homology to EII, but has ca. 0.5% of the activity toward
the 6-aminohexanoate-linear dimer (Ald) (Fig. 1), suggesting
that EII has evolved by gene duplication followed by base sub-
stitutions from its ancestral gene [8,9].
Recently, we determined the three-dimensional (3D) struc-
ture of Hyb-24 [an EII/EII 0 hybrid protein containing ﬁve ami-
no acid replacements (T3A, P4R, T5S, S8Q, and D15G) in the
EII 0 protein and a level of Ald-hydrolytic activity equivalent to
EII 0] by X-ray crystallography at 1.8-A˚ resolution (protein
data bank ID code, 1WYB) [10,11]. The fold generated a
two-domain structure (a and a/b) that is similar to the folds
in the penicillin-recognizing family of serine-reactive hydro-
lases (Fig. 2). EII 0 (Hyb-24) possesses high activity towards
carboxylesters with short acyl chains (Fig. 1), but additional
substrates which are subjected to eﬃcient hydrolyses have
not been found. From the observed substrate speciﬁcity, EII 0
(Hyb-24) is considered to be classiﬁed as a carboxylesterase
[10]. Based upon the following ﬁndings, we propose that the
nylon oligomer hydrolase has newly evolved through amino
acid substitutions in the catalytic cleft of a pre-existing esterase
with the b-lactamase-fold [10].
(i) The locations of the amino acids Ser112/Lys115/Tyr215 in
Hyb-24 are very similar to those of Ser75/Lys78/Tyr181, the
proposed catalytic residues, in carboxylesterase (EstB) from
Burkholderia. (ii) The Ald-hydrolytic activity in EII was dras-
tically decreased by an alteration of Asp181 to Lys, while est-
erolytic activity is only minimally aﬀected by this substitution.
(iii) Among 46 alterations between EII and EII 0, only two,
G181D and H266N, suﬃce to increase the Ald-hydrolytic
activity to the level of the wild-type EII enzyme [9].
Here, to determine the structural/functional relationship be-
tween the nylon oligomer hydrolase and carboxylesterase, we
isolated mutant enzymes having enhanced Ald-hydrolytic
activities over Hyb-24, and examined the correlation with the
catalytic function for carboxyl esters.2. Materials and methods
To construct a mutant library from the Hyb-24 gene (nylB24),
pHY13 (a hybrid plasmid composed of the 1421-bp EcoRI–HindIII
fragment containing the nylB24 gene and pUC18) was initially digested
with AseI, and the linearized DNA was ampliﬁed by polymerase chainblished by Elsevier B.V. All rights reserved.
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Fig. 1. Enzymatic reaction catalyzed by 6-aminohexanoate-dimer
hydrolase/carboxylesterase. Hydrolytic reactions of Ald (6-aminohex-
anoate-linear dimer) (A), PNPA (p-nitrophenylacetate) (B), and BALB
(2,3-dimercaptopropan-1-ol tributyroate) (C) were shown.
T. Ohki et al. / FEBS Letters 580 (2006) 5054–5058 5055reaction (PCR) [12] in the presence of 0.0625 mM Mn2+ using two
primers [FP713 (5 0-CGCCAGGGTTTTCCCAGTCACGAC-3 0) and
RP813 (5 0-AGCGGATAACAATTTCACACAGGAAAC-30)]. The
ampliﬁed 1.5-kb fragment containing the nylB24 gene was digested
with PvuII and AatII, and the 1.1-kb PvuII–AatII fragment was recov-
ered. The plasmid pHY3 [11] was also digested with PvuII and AatII,
and the 2.9-kb fragment was recovered. To obtain the mutant library,
the 2.9-kb and 1.1-kb PvuII–AatII fragments were combined by liga-
tion, followed by transformation into E. coli KP3998, using ampicil-
lin-resistance (Ampr) as the selection marker [10,11].Fig. 2. Stereoviews of the overall structure (A) and catalytic cleft (B) of Hyb-
the right portion as the a/b domain. The main-chain folding is shown as a
residues are shown as a stick diagram: red, proposed amino acid residues
alterations increasing the Ald-hydrolytic activity (G181D/D370Y); green, an
protein (H266N). Figures were generated using MOLSCRIPT [15] and RASSite-directed mutagenesis was carried out by a method using two
stages of PCR [13]. The mutant primer RDmutY1 (5 0-
GTGTAGGGATCGGGCCACG-30) was designed to generate the
D370Y substitution in the Hyb-24 gene. For some enzymes, a His-
tagged linker was fused to the N-terminal region using plasmid pQE-
80 L (Qiagen), and His-tagged proteins were puriﬁed by conventional
methods [14].
To measure the Ald-hydrolytic activity, cells were grown in 1.5 ml
TB medium containing ampicillin (Amp, 100 mg/l) at 37 C [14], and
disrupted by repeating freeze/thawing for 15 times. Supernatants ob-
tained by centrifugation (18500 · g for 10 min) were used as the crude
enzyme solution. For initial screening of clones having the enhanced
Ald-hydrolytic activity, the enzyme solutions (20 ll) were mixed with
20 mM Ald in buﬀer A [20 mM phosphate buﬀer (pH7.3) containing
10% glycerol] (20 ll). The mixtures were incubated at 30 C for 12 h,
and the conversion ratio of Ald to 6-aminohexanoate was analyzed
by TLC [9]. To quantify the density of the spots on the TLC plates,
the plates were scanned (Epson scanner GT8500), and photographic
images of the TLC plates were analyzed by image-analyzing programs
(http://rsb.info.nih.gov/nih-image/). Since two molecules of 6-amino-
hexanoate (Ahx) were obtained by hydrolysis of one molecule of
Ald, the conversion ratios were calculated from the following equation:
Conversion ratio ¼ Peak area of Ahx=2=ðpeak area of Ald
þ peak area of Ahx=2Þ
For quantitative assays, the crude enzyme solution (300 ll) were mixed
with 20 mM Ald in buﬀer A (300 ll), and the mixtures were incubated
at 30 C. 100 ll of aliquots were sequentially sampled, and the reac-
tions were stopped by incubating in boiling water for 3 min. Reaction
mixtures (10 ll) obtained by centrifugation (18500 · g, for 5 min) were
loaded onto a C18 reverse phase HPLC column (4.6 mm · 15 cm; To-
soh ODS-80Ts) [8], and the decrease in Ald was monitored by absor-
bance at 210 nm (A210). For kinetic studies, enzyme reactions were
carried out using various concentrations of Ald in buﬀer A at 30 C,
and the increase in 6-aminohexanoate (Ahx) (A210) was analyzed by24. The left portion of the molecule was assigned as the a domain, and
gray ribbon diagram, and the side-chains of the following amino acid
constituting the catalytic centers (S112/K115/Y215); blue, amino acid
alteration increasing the Ald-hydrolytic activity of the Hyb-24G181D
TER3D [16].
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ity, two substrates, 0.2 mM p-nitrophenylacetate (PNPA) and 2,3-
dimercaptopropan-1-ol tributyroate (BALB; a substrate for the lipase
assay kit, Dainippon pharmaceutical Co. Ltd.], were used (Fig. 1). The
assay for BALB was carried out according to the manufacturer’s pro-
tocol, except that phenylmethylsulfonyl ﬂuoride (PMSF, serine-en-
zyme speciﬁc inhibitor) was omitted from the reaction mixture.
To check the speciﬁc activity of each enzyme, the Hyb-24-related
proteins in cell extracts were quantiﬁed by SDS–polyacrylamide gel
electrophoresis (SDS–PAGE) as follows: the concentration of cell ex-
tract was adjusted to A280 = 10, and 20 ll of the sample was separated
by SDS–PAGE [14] with various amounts of puriﬁed His-tagged Hyb-
24 (H-Hyb-24, 0.1–4 lg). Protein bands were stained with Coomassie
brilliant blue, and photographic images of the gels were obtained by
scanner (Epson, GT8500). The data were obtained as two-gray scale
images and was analyzed using the NIH Image analysis program as de-
scribed above. The amount of the Hyb-24-related protein included in
the cell extract was quantiﬁed from the signals on the image. The spe-
ciﬁc activity was expressed as the Ald-hydrolytic activity/amount (mg)
of Hyb-24-related protein.
To check the esterase/lipase activity by plate test, E. coli KP3998
cells harboring hybrid plasmid were spotted on LB-Tributyrin plates
[LB plates containing Amp (100 mg/l) and 0.5% glyceryltributyrate
(Tributyrin)] [14], and were incubated at 37 C for 48 h. Mutants with
enhanced esterase/lipase activity were selected for the formation of a
large clear zone on the LB-Tributyrin plate.3. Results and discussion
An EII/EII 0 hybrid protein (Hyb-24, with EII 0-level Ald-
hydrolytic activity) has been highly expressed in E. coli, and
the 3D-structure has been identiﬁed [10]. To obtain mutant en-
zymes having the enhanced Ald-hydrolytic activity of Hyb-24,
we performed mutagenic PCR on the nylB24 gene. To exclude
the possibility that the same progeny dominates in mutantpHY3 (Hyb-24)
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Fig. 3. Relationship between amino acid alterations in Hyb-24 and enzymatic
EII, respectively. Amino acid resides substituted in the mutant enzymes are sh
aminohexanoate-linear dimer (Ald), p-nitrophenylacetate (PNPA), and 2,3-d
extracts of each clone (see Fig. 1). The amounts of Hyb-24 and its related pr
using the puriﬁed His-tagged Hyb-24 protein as a control. The speciﬁc activity
the activity of E. coli (pHY3).populations, we performed the reaction in three tubes (Exp.
1–3). Among 10 Ampr-transformants independently isolated
for each experiment, all colonies contained the 1078 bp in-
serted fragments in common, suggesting that more than 90%
of the clones contain the inserted fragment.
To simplify the selection of clones with enhanced Ald-hydro-
lytic activity, the enzyme reactions were carried out in a mix-
ture containing 10 mM Ald and the cell extracts (A280 = ca.
15), and conversion ratio from Ald to Ahx was analyzed. We
selected 100 clones (pQ1M1-100, Exp. 1), 400 clones
(pR1M1-400, Exp. 2) and 350 clones (pS1M1-350, Exp. 3)
for an Ald-hydrolytic assay using TLC. After 12 h reactions,
E. coli cell expressing the Hyb-24 has the conversion ratio of
26%. Among the 350 clones (Exp. 3), 11% clones were en-
hanced in their Ald-degradation. We selected 20 clones for sec-
ond conﬁrmative TLC screening as candidate on the basis of a
high conversion ratio, and one clone (pS1M77) having the
highest conversion ratio (52%) was selected for further study.
Similarly, we selected 5 clones (Exp. 1) and 15 clones (Exp.
2) as candidates, and ﬁve mutants exhibiting a high conversion
ratio on the second conﬁrmative TLC [pQ1M51, pQ1M62 and
pQ1M75 (from Exp. 1); pR1M9 and pR1M337 (from Exp. 2)]
were selected. A clone (pR1M79) showing no signiﬁcant in-
crease in conversion ratio was also selected as a control for
checking the correlation between the TLC screening and the
following quantitative assay.
Enzyme activity in the cell extracts of the isolated mutants
was assayed, and speciﬁc activity was normalized on the basis
of the amount of Hyb-24-related protein in the gel ‘‘see Section
2’’. For example, from the results using cell extracts, the spe-
ciﬁc Ald-hydrolytic activity of wild-type EII was estimated to
be about 180-fold that exhibited by Hyb-24 (Fig. 3), and this392
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Fig. 5. Esterase/lipase assay of mutant strains on LB-Tributyrin
plates. E. coli cells harboring the following hybrid plasmids were
grown on LB-Tributyrin plates: 1, pQ1M75; 2, pQ1M62; 3, pQ1M51;
4, pR1M337; 5, pR1M79; 6, pR1M9; 7, pKT2 (producing EII protein);
8, pS1M77; 9, pHY3 (producing Hyb-24 protein); 10, pKP1500 (vector
plasmid); 11, pHY3Y1 (producing Hyb-24D370Y protein).
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puriﬁed enzyme (speciﬁc activity of His-tagged EII (H-EII)/
speciﬁc activity of H-Hyb-24) (Fig. 4). In addition, no Ald-
hydrolytic activity was detected in E. coli possessing vector
DNA (<1% of the EII 0 level of activity), and background est-
erolytic activity was also quite low, as compared to the activity
in E. coli clones producing the EII/EII 0-related enzymes (data
not shown). Therefore, we have determined that the estimation
based on data from the cell extracts roughly agrees with the re-
sults obtained using the puriﬁed enzyme.
HPLC analysis revealed that the speciﬁc activity for Ald-
hydrolysis was increased approximately ten-fold in two clones,
pR1M9 (containing a single G181D substitution) and pS1M77
(containing A61V, A253T, F264C and D370Y substitutions)
(Fig. 3). Exp. 1 (pQ1M75) and Exp. 2 (pR1M9 and
pR1M337) contained the G181D substitution in common, irre-
spective of the independent PCRs. Preferential selection for the
G181D substitution suggests that this mutation has advanta-
ges for Ald-degradation. Despite the signiﬁcant increase in
Ald-hydrolytic activity resulting from this substitution, the est-
erolytic activity was decreased to 30–70% of the value of the
original Hyb-24. In addition, a clone possessing a single
G181D mutation (pR1M9) produced a small halo (Fig. 5,
no. 6). As a control, a clone possessing vector pKP1500 gave
no detectable halo (Fig. 5, no. 10). From these results, we have
concluded that the G181D substitution speciﬁcally aﬀects Ald-
hydrolytic activity, without signiﬁcantly changing ester hydro-
lysis activity.
Among the four alterations in pS1M77, the essential one is
considered to be D370Y, since Hyb-24 protein having the
D370Y single substitution (Hyb-24D370Y) still retained a high
level of the Ald-hydrolytic activity (see Fig. 3, pHY3Y). This
observation was also conﬁrmed with the His-tagged puriﬁed
enzyme. The D370Y mutation increased the enzymatic activity
to 8.3 times the value of puriﬁed H-Hyb-24 (Fig. 4). In addi-
tion, clones containing this mutation (pS1M77 and pHY3Y1)
produced large clear zones on LB-Tributyrin plates (Fig. 5,
nos. 8 and 11). This suggests that the esterase activity was con-
comitantly enhanced by the D370Y mutation. The great in-crease in the esterolytic activity for Tributyrin by the D370Y
substitution is conﬁrmed from the enzyme assay using BALB
(a substrate used in the lipase/esterase assay kit; analogue of
Tributyrin, see Fig. 1). Namely, the esterolytic activity was en-
hanced 50- and 30-fold in clones possessing plasmids pS1M77
and pHY3Y1, respectively (Fig. 3). Thus, we have concluded
that the D370Y substitution shifted enzymatic speciﬁcity to-
wards bulky substrates with longer acyl chains. In clones pos-
sessing pQ1M62, activities for Ald and C4-esters were
increased 1.9- and 6.5-fold, respectively. Of the two substitu-
tions (G129R and D370N) in pQ1M62, the latter may be
responsible for the increase in the activities, since the D370Y
substitution has a similar but more drastic eﬀect, as described
5058 T. Ohki et al. / FEBS Letters 580 (2006) 5054–5058above (Fig. 3). A decrease in the acidity and/or an increase in
the hydrophobicity at position 370 seemed to be important for
the increase in enzymatic activity.
We found that G181D and D370Y substitutions have signif-
icant eﬀects for increasing Ald-hydrolysis. However, it should
be noted that the mutated Hyb-24 enzymes have still much less
Ald-hydrolytic activity than wild-type EII. To examine the
additivity of the G181D/D370Y mutations, we constructed a
plasmid containing the D370Y mutation in pR1M9. An en-
zyme assay using the His-tagged puriﬁed enzyme (H-Hyb-
24G181D/D370Y) revealed that speciﬁc activity for Ald was
drastically increased to ca. 50% of the level [2.2 lmole/min
(U)/mg protein] of activity of wild-type EII (at 10 mM Ald,
30 C) (Fig. 4). Moreover, kinetic studies showed that replace-
ment of Asp370 with Tyr in H-Hyb-24G181D increased the
Vm and decreased the Km, and that kcat/Km increased 25-fold
as a result of the combined eﬀect (Fig. 4). To check whether
the D370Y substitution is eﬀective for enhancement of the cat-
alytic function of the wild-type EII enzyme, Asp370 in EII
(nylBgene) was replaced with Tyr by site-directed mutagenesis.
The speciﬁc activity of H-EIID370Y (His-tagged EII contain-
ing the D370Y substitution) (7.0 U/mg) was 1.7-fold the activ-
ity of the puriﬁed H-EII (4.2 U/mg). Kinetic studies showed
that the Km value towards Ald decreased from 21 mM (H-
EII) to 2.6 mM (H-EIID370Y) and kcat/Km increased 5.6-fold
(Fig. 4). A signiﬁcant decrease in the Km value indicates that
binding of the substrate to the EII enzyme is improved by
the D370Y substitution. These results demonstrate that eﬀec-
tive amino acid alterations found in the evolutionarily-related
enzyme are also eﬀective for the functional nylon-oligomer-
hydrolase, and that the constructed mutant enzyme is useful
for eﬃcient conversion of these amide compounds even at a
low substrate concentration.
In conclusion, Ald-hydrolytic activity in Hyb-24 was signiﬁ-
cantly enhanced by G181D and D370Y substitutions. These
amino acid residues were located at the entrance of the catalytic
cleft, but the former was in the a-domain (helix H9), and the
latter in the a/b domain (loop between b-strand b13 and helix
H18). The Gly181 and Asp370 in Hyb-24 are spatially sepa-
rated by 17.1 A˚ at the Ca position (PDB ID code, 1WYB)
(Fig. 2), and this value is close to the length of Ald molecule
[16.9 A˚, from the amino terminus (Ne) to the carboxyl terminus
(O)], assuming that the molecule is extended straight. In con-
trast, catalytic residues Ser112/Lys115/Tyr215 are located at
the bottom of the cleft (Fig. 2). Upon substrate binding, amide
linkage of Ald (central point in the substrate) should be local-
ized to the position close to Ser112-Oc, and the distances from
Ser112-Oc to G181-Ca (11.8 A˚) and to Asp370-Ca (10.9 A˚) are
similar. Therefore, it is probable that substituted residues
Asp181/Tyr370 interact with Ald at positions close to the ami-
no- and carboxyl-terminus in the substrate. Such independentinteraction will explain why the D370Y substitution in Hyb-
24G181D and in wild-type EII enzymes (which have D181)
additively enhances their catalytic functions.
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